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Abstract--By November, 1985, reported AIDS cases in New York, San Francisco, and 
Los Angeles totaled over 4980, 1403, and 1315, respectively. Although the cumulative 
number of cases diagnosed oubled in these cities in the 10-11 months before July, 
1984, the incidence of AIDS will not necessarily continue to increase at this rate. A 
discrete, nonlinear model is presented and used to explore underlying biological and 
sociological characteristics of the AIDS outbreak and to forecast he number of new 
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cases. The model's tructure assumes that AIDS is sexually transmitted and that other 
forms of transmission mimic sexual transmission. Its parameters eflect (1) how long 
AIDS takes to develop from exposure to diagnosis. (2) when during this development 
individuals are contagious, and (3) how changes in sexual behavior and saturation-- 
the removal of susceptible individuals through infection--affect the incidence of AIDS. 
As indices of behavioral changes, the model uses trends in gonorrhea diagnosed at a 
San Francisco clinic, where anal/rectal cases have dropped from a monthly average of 
411 in 1979-1981 to 59 in 1985, and. urethral cases, similarly, from 863 to 248. 
Judged by the least residual sum of squares cf the model's fit to observations, the 
drop in anal/rectal gonorrhea better reflects the decline in sexual contact rates in the 
San Francisco population at risk to AIDS than does the drop in urethral gonorrhea. 
Furthermore, the parameter values that best fit the model to the incidence data from 
Los Angeles, New York. and San Francisco currently suggest in general that AIDS 
takes 35-47 months to develop from exposure to diagnosis, and. that individuals are 
most infectious in the 3-16 months immediately following exposure to the agent. 
Although forecasts for each of these three cities suggest that the incidence of AIDS 
could level off or even decline from present levels before 1987, the model shows that 
there may currently be insufficient data to choose, using the sum of squares criterion. 
between radically different forecasts. Two parameter sets that fit the model to Los 
Angeles AIDS incidence by [inking it to the drop in anal/rectal gonorrhea, for example. 
give similar residual sum of squares of 806 and 808 but different forecasts of 3271 and 
2230 total cases diagnosed in Los Angeles before 1987. These results suggest that more 
data are needed before conclusive parameter values can be chosen. Nevertheless. the 
model is used in conjunction with anal/rectal gonorrhea rates from San Francisco to 
generate preliminary forecasts of AIDS incidence. By the end of 1986, it forecasts a
range for the total cumulative number of diagnosed cases in Los Angeles of 2200-3300, 
in New York of 6800-8900. and in San Francisco f 2100-4200, with the model's best 
fits to observed incidence suggesting that there will be at least 2400, 7200, and 2500 
cummulative cases in these cities, respectively. 
INTRODUCTION 
Although the definition of Acquired Immunodeficiency S ndrome (AIDS) has just been 
refined[l l, the AIDS cases that are considered here meet the Centers for Disease Control's 
previous definition of '~a reliably diagnosed isease that is at least moderately indicative 
of an underlying cellular immunodeficiency in a person who has no known cause of un- 
derlying immunodeficiency or any other underlying reduced resistance reported to be 
associated with that disease" [2]. Opportunistic diseases that are associated with AIDS 
include Kaposi's sarcoma, a rare form of skin cancer which also occurs in older men in 
certain areas of Africa and in Mediterranean countries, and Pneumocystis carinii pneu- 
monia in persons with unexplained immunosuppression. 
The first known American case of AIDS was, in retrospect, a male homosexual living 
in Los Angeles whose case-defining symptoms were diagnosed in March, 1978. Over three 
years later, in June, 1981, the Center of Disease Control published its first report on the 
subject, giving details of five cases of Pneumocystis carinii pneumonia that occurred in 
Los Angeles between October, 1980, and May, 198113]. These five cases were unusual 
in that all the patients were young homosexual men that had previously been without 
clinical signs of underlying immunodeficiency. The report warned of a possible association 
between Pneumocystis carinii pneumonia nd a homosexual lifestyle or sexually trans- 
mitted disease. A month after this first warning, in July, the Centers for Disease Control 
published its first report on Kaposi's sarcoma in homosexual men, reporting 20 cases in 
New York City and 6 in California[4]. This report first alerted physicians to Kaposi's 
sarcoma, Pneumocystis carinii pneumonia, and other opportunistic infections in associ- 
ation with immunosuppression in homosexual men. In June, 1982, the Centers for Disease 
Control and local health departments further strengthened the link between AIDS and 
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sexual contact by identifying a cluster of nine cases in the Los Angeles area, each of 
whom was homosexual nd had had sexual contact with at least one other member of the 
cluster[5]. 
By April, 1985, the disease had spread internationally and to nearly all the major cities 
in the United States. A total of 10,000 (9,887 adults and 113 children) cases had been 
reported to the Centers for Disease Control by physicians and health departments in the 
United States[6]. Of these adult cases, 73.4% were identified as male homosexuals or 
bisexuals, 17.0%, as intravenous drug users, 1.4%. as transfusion recipients, 0.8%, as 
heterosexual contacts. 0.7%. as hemophilia patients, and 6.7%, as other or unknown risk 
groups. Overall. 49% of these 10,000 cases are known to have died, and of those diagnosed 
before January, 1983, 75% are known dead. 
Research to date suggests that the immunological bnormalities associated with AIDS 
are caused by infection with a lymphotropic retrovirus, variously called HTLV-III. LAV, 
or ARV[7-10], which is cytopathic for T4 helper-inducer lymphocytes. This virus has 
been isolated from peripheral blood, saliva, and semen[l 1-13]. Serological testing for 
antibody to the virus indicates high rates of exposure and seroconversion i  the major 
risk groups. For example, Jason et al.[14] report antibody seropositivity in 74% of 234 
hemophiliacs receiving Factor VIII concentrate. Although antibody seropositivity is much 
lower in the United States population overall, it is not negligible in absolute numbers, 
considering the enormous ize of the pepulation. Of 593,831 units of blood that were 
collected and screened in the United States in April and May. 1985. 1.484 units (0.25%) 
were repeatedly reactive with ELISA tests for HTLV-III antibody[15]. The percentage 
of the estimated 400,000 antibody-positive Americans who will develop frank AIDS is not 
known, but findings from prospective investigations of specific risk groups indicate values 
ranging from 3 to t9% within I to 5 years[16, 17]. Infected persons can apparently remain 
asymptomatic for long periods of time, during which they may be capable of transmitting 
disease to others through sexual contact, sharing needles used for intravenous drug use, 
and donation of contaminated blood products later used for transfusions or in the treatment 
of hemophilia. One recent stud,,,' of 51 transfusion-related AIDS cases, for w hich the dates 
of exposure can be presumed and the dates of diagnosis are known, found a mean de- 
velopment time from exposure to diagnosis of 29 months. However, because cases with 
long development times may not yet be reported, the study estimated that this mean would 
increase to 57 months, with the estimate's 90% confidence bounds being 37 and 77 
months[18]. In addition, there is concern that infection will be associated with increased 
incidence of lymphomas for perhaps decades after initial infection. 
Several early observations indicated that AIDS would prove to be a sexually transmitted 
disease. There was the fact that the majority of initial cases were sexually active male 
homosexuals[19, 20]. Later findings, specifically, case clusters linked through homo- 
sexual contact, and. identification of sexual practices as risk factors for AIDS in case 
control studies, added to the circumstantial evidence for sexual transmission, but did not 
rule out the hypothesis that AIDS was caused by sperm- or leukocyte-induced alloim- 
munization combined with repeated multiple infections of disease agents (the so-called 
immune-overload theory). Although Koch's postulates have not been conclusively sat- 
isfied, the hypothesis that AIDS can be acquired by exposure through sexual contact o 
a specific etiologic agent is now generally accepted. This hypothesis received strong sup- 
port from subsequent demonstrations that seropositivity to the AIDS virus antibody was 
most frequent among sexually active homosexual men[7-10, 21-23] and that virus could 
be cultured from the seminal fluid and saliva of AIDS patients and asymptomatic but 
seropositive homosexual men[l 1-13]. Recent reports suggest hat the virus may also be 
transmitted through heterosexual contacts[24, 25]. 
In late 1983, we decided to build an epidemic model that included the factors specific 
664 J. PICKERING et al. 
to AIDS that we then presumed would be most important in determining the disease's 
population dynamics. Thus, the model that we now present does not rely solely on sta- 
tistical fitting methods involved with time series analysis. Its primary assumptions are 
that AIDS can be modeled as a sexually transmitted disease, and, that the transmission 
rate of the agent responsible for AIDS responds in the same way as does gonorrhea to 
behavioral changes over time in the sexual activity of the population at risk. 
The paper is organized in six sections that present (1) the AIDS incidence data from 
three locations, (2) the gonorrhea data that are used to reflect changes in sexual behavior 
which have occurred with an awareness of AIDS, (3) a nontechnical overview of the 
model, (4) a mathematical derivation of the model and a description of the fitting procedure 
involving microcomputers to estimate the model's parameters, (5) the resulting parameter 
values and forecasts of incidence for each location, and finally, (6) our conclusions, par- 
ticularly as they regard the control and further study of AIDS. 
INCIDENCE OF AIDS 
The three locations that have reported the highest number of AIDS cases to date are 
New York, San Francisco, and Los Angeles. Figures 1-3 present he monthly incidence 
of AIDS in New York City, San Francisco County, and Los Angeles County, respectively. 
These data are based on the number of cases reported to the respective public health 
departments by 19 November, 23 October, and 30 November, 1985. The figures present 
the majority of the cases from each regional population that can be defined by the contact 
among individuals from these localities and their surrounding areas. Most notably, the1,' 
do not include cases from eastern New Jersey in the case of New York, Alameda and 
Matin counties in the case of San Francisco, and Orange and Riverside counties in the 
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case of Los Angeles. In addition, a small number of cases that could not be categorized 
by month of diagnosis are excluded from these figures. 
The figures give the number of cases diagnosed per month and not the number of cases 
reported to the health departments per month, as is sometimes given, particularly in the 
popular news coverage of AIDS. We choose to analyze cases by time of diagnosis rather 
than time of reporting in order to factor out differences in reporting lags, and hence, more 
accurately reflect the epidemic process. Considering cases by the onset of disease symp- 
toms would reduce individual differences and possible trends in the time from the onset 
of symptoms to diagnosis, and thus, could even better eflect the disease's biology. Un- 
fortunately, extensive data by month of onset of symptoms are not available. However, 
we suspect hat the interval from onset o diagnosis will become shorter as the knowledge 
of AIDS symptomatology diffuses throughout the populations at risk. 
In this regard. Moss et a/.[26] discuss how some of the variance in the number of cases 
diagnosed per month is probably not biological in origin. Heavy news media coverage of 
AIDS, for instance, may result in patients more readily seeking medical help and. hence, 
being diagnosed earlier than they would have been otherwise. In the case of San Francisco 
(Fig. 2), the large increase in the first quarter of 1983 and the large decrease in February, 
1985, are notable spikes. Although such spikes may represent social and stochastic phe- 
nomena, they may also reflect the disease's underlying biology. In this analysis we do 
not smooth the raw incidence data but try to explain them strictly from a biological 
perspective. In so doing, we run the risk that any regular periodicities in the data that 
are not biological in origin will nevertheless be considered by the model as biological, 
and hence, will tend to confound our analysis. This problem could be particularly true 
regarding Los Angeles (Fig. 3) for which there is an interval of 3 months between each 
of the 6 peaks between February, 1982, and June, 1984. Regardless of the true origin of 
such periodicity, because the model uses it as if it were biological in origin, we caution 
that our conclusions depend on the assumption that any periodicity is predominantly 
biological and not caused by nonbiological factors, such as patients being diagnosed in 
waves in response to the waxing and waning of news media coverage of AIDS. 
The leveling off and drop in the incidence rate in the most recent months, as presented 
in Figs. 1-3, while possibly reflecting a decrease in the disease's rate of increase, shows 
the lag between when cases are diagnosed and when they are reported to the respective 
health departments. While almost all cases are now reported to the health departments 
and tabulated within 8 months of diagnosis, some cases take much longer. Four cases 
that were diagnosed in 1982 and 1983, for example, were added to the data set presented 
for Los Angeles between 27 February and 30 May, 1985. Because the data reported for 
the most recent three months may be less than 10% of their eventual values, they are 
given as minimum estimates of these values. Based on previous reporting lags, the values 
presented for September-December, 1984, are likely to underestimate the actual number 
of cases by less than 25%. The September, 1984 value for San Francisco, for instance, 
was 9 on 18 September, 1984, 38 on I November, 1984, 46 on 15 November, 1984, 51 on 
4 March, 1985, 54 on 20 May, 1985, and 55 on 23 October, 1985. The locations differ 
slightly in the length of their reporting lags. 
CHANGES IN SEXUAL BEHAVIOR 
Awareness of AIDS spreads rapidly in homosexual communities after the first wave 
of news stories appeared in mid-1981 and started to have an impact on sexual behavior 
long before the true scale of the outbreak was known. The first sign of a significant change 
in the sexual behavior was a drop in the incidence of gonorrhea infections common in 
homosexual men. During 1981-1982, incidence of anal/rectal gonorrhea began to fall in 
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New York City's Manhattan borough, an area where large numbers of homosexual men 
live and then the geographic epicenter of AIDS[27]. There were similar reports of reduced 
sexual activity in areas such as Denver, Colorado and Madison, Wisconsin, where no 
cases of AIDS had yet occurred[28, 29]. 
The future course of the outbreak--in particular, how long the number of new cases 
will continue to grow exponentially--will depend in part on the changing sexual relations 
of homosexual men. To forecast he trajectory of AIDS, it is necessary to reconstruct 
the recent quantitative history of homosexual contacts, at least as far back as the average 
time from infection to the expression of the disease, perhaps as much as five or six 
years[18]. At present, there exist only two kinds of data that can be used for estimates 
of this kind. and each is a very imperfect reflection of the volume of sexual activities 
associated with the transmission of disease. One can (a) ask homosexual men to give 
periodic reports about their sexual activities or (b) itlj'er trends from analyzing the time 
path of homosexually transmitted iseases that incubate quickly. Both sources of infor- 
mation are relatively abundant in San Francisco as compared with other outbreak cities. 
Taken together, they indicate a steady but not precipitous decrease in sexual activity 
beginning shortly after the first news stories about AIDS appeared in the local papers in 
June and July of 1981 and continuing to the present. 
Figure 4 shows the incidence of anal/rectal and urethral gonorrhea infections in men 
diagnosed at San Francisco's venereal disease clinic over the period 1979-1985. These 
series represent three-quarters of the male gonorrhea cases reported in the city and prob- 
ably about half of the total number of infections/Personal communication. San Francisco 
Clinic staff). Although there is great variability in the number of cases in the early years. 
no clear trend is apparent until midyear 1981, when urethral cases, and then rectal cases. 
begin a long period of decline. After smoothing the data with running averages, a revised 
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Table 1. Comparison between gonorrhea incidence and average number of male sex partners 
per month in the McKusick et al. [301 poll 
Gonorrhea Cases Reported 
at San Francisco Clinic 
G-month averages) 
Anal/Rectal Urethral 
Sex Partners 
(average number 
per month) 
Date Number (Change/ Number (Change) Number (Change) 
Nov 1982 286 562 5.9 
May 1983 194 ( - 32%) 467 ( -  17%) not available 
Nov 1983 143 ( - 50%) 397 ( - 29%) 4.8 ( - 19%) 
May 1984 103 ( - 64%) 342 ( - 39%) 3.9 ( - 34%) 
Nov 1984 92 ( - 68%) 337 ( - 40%) 2.5 ( - 58%) 
plot (not shown) indicates that the start of the drop in anal/rectal cases .lbllowed the 
beginning of the downward trend in urethral gonorrhea by three to five months. This 
difference by site of disease may be explained by changes in sexual behavior evealing 
themselves earlier in the incidence of the more commonly symptomatic urethral infections 
than in the frequently asymptomatic anal/rectal infections. 
Polls of selected groups of San Francisco homosexuals confirm that the long decline 
in gonorrhea incidence actually reflects a shift toward more conservative sexuality. Table 
1 compares gonorrhea cases with survey reports of number of sexual partners per month, 
every six months since November. 1982. The survey included men whose lifestyles put 
them at high risk of AIDS infection as well as monogamous male couples and persons 
who had abstained from sex for long periods. By November, 1985, the number of partners 
per month had decreased by 58% in this group[30], as compared with 68% and 40% 
reductions in anal/rectal nd urethral gonorrhea, respectively. In terms of absolute num- 
bers of partners per month, the change is from about 6 per month in November, 1982. to 
less than 3 per month two years later in November, 1984. 
GENERAL OUTLINE OF MODEL'S STRUCTURE AND ASSUMPTIONS 
For the purpose of projecting future events from current data, a standard statistical 
approach is to take simple mathematical functions that approximately describe the ob- 
served data, to choose parameter values so that each function, in terms of a defined 
criterion, best fits the observed ata, and then to predict the course of events by extra- 
polating the function that has the best fit. To project the incidence of AIDS using this 
approach, for instance, polynomial or exponential functions might be considered as pos- 
sible models and fitted by the least squares criterion to the data presented in Figs. 1-3. 
Once chosen, the function having the best fit to these data could then be extrapolated to
predict he incidence of future cases. For an example of this approach see Moss et al.[26], 
who fit exponential nd quadratic functions to the 1982 and 1983 quarterly incidence of 
AIDS in San Francisco. 
Such models that are based on statistical fits to data are likely to have severe limitations 
in their ability to extrapolate and forecast future events, because their functions do not 
necessarily encapsulate the forces driving the epidemic. While the AIDS outbreak may 
have increased exponetially up to now, clearly it cannot indefinitely continue to do so, 
if for no other reason than because host populations are finite in number. Models based 
on exponential functions might predict disease incidence successfully during the onsets 
of epidemics: however, without the ability to predict when incidence will level oft', and 
possibly decline, such models will eventually fail. If a model is to forecast reliably the 
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incidence of an infectious disease over any extended period of time, then it must be based 
on the disease's underlying epidemiology, rather than on mathematical functions that fit 
the existing incidence data. 
We now outline a model that was built to characterize the underlying factors affecting 
the incidence of AIDS. Of such possible factors, we include those that we presumed to 
be important based on general epidemic theory and what was known about AIDS when 
this work began in late 1983. Thus. we characterize (1) the disease agent's transmission 
from infected to uninfected individuals as a function of the contact rate between these 
two classes of individuals that is dependent on behavior and on the relative number ather 
than absolute number of susceptible individuals. (2) the length of time from exposure to 
diagnosis in AIDS cases, (3) when after exposure individuals are most likely to transmit 
the disease agent, (4) the changes in sexual behavior that have occurred with the growing 
fear of AIDS itself, (5) possible individual differences in the disease agent's everity, and 
(6) the potential saturation of the population with the agent or its disease. Clearly, because 
many aspects of AIDS are still unknown, and because the simplifying assumptions made 
in characterizing these factors may prove to be unjustified, the model is in an early de- 
velopmental stage. As such, considerable caution should be exercised in its use. As in- 
formation becomes available, we are testing and refining the model. Eventually we hope 
the resulting model will help us achieve our goals of better understanding and predicting 
outbreaks of AIDS and other diseases. 
Models of the transmission of infectious diseases typically classify the members of a 
host population by their disease status. The simplest possible classification considers only 
two types of individuals: infected and uninfected. Additional classifications might distin- 
guish between infected individuals that are capable of transmitting the disease agent versus 
those harboring the agent but not capable of transmitting it, or between uninfected in- 
dividuals that are susceptible to developing the disease versus those immune to the disease. 
Existing models of the dynamics of infectious diseases consider changes over time in the 
number of individuals in each category. They model such processes as uninfected indi- 
viduals becoming infected through transmission of disease agents: recruitment into the 
uninfected category through the recovery of infected individuals and the birth of uninfected 
ones; and the loss of infectives through death, treatment, and the development of im- 
munity. For examples of such models see Bailey[31, 32], Anderson and May[33], An- 
derson[34], Hethcote and Yorke[35], and Holt and Picketing[36]. 
With AIDS we are considering the spread of a disease the causes of which we are only 
just beginning to understand. Currently the best indicator of the course of the epidemic 
is the change in the number of individuals diagnosed with the most extreme symptoms 
of the disease, i.e. changes in the reported AIDS cases that meet the surveillance defi- 
nition. Retrospective studies of frozen blood samples that were collected for other pur- 
poses, such as in the study of hepatitis B, may eventually document the outbreak's course 
in terms of serologic evidence, However, not enough of such data are available at present 
to support the construction and testing of epidemic models of AIDS. Thus, within the 
limitations of available data, we develop a model that forecasts new AIDS cases from 
previously diagnosed cases. 
In formulating the model, we first assume that the agents responsible for the spread 
of AIDS are infectious and that the transmission of these agents and resulting disease 
occurs through sexual contact between infectious and uninfected individuals, or, through 
other forms of contact hat act like sexual contact with respect o the disease's pread. 
AIDS cases are not randomly distributed within the overall population, even among the 
members of high risk groups, but occur in geographic loci, the largest of which being 
those of New York, San Francisco, and Los Angeles. Because the factors affecting the 
spread of AIDS may differ between the disease's foci, we choose to model the incidence 
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of AIDS in specific populations and not in the population at large. We assume that the 
size of each population under consideration is constant, that the probability of intimate 
contact between individuals within each population is equal (i.e., homogeneous mixing 
within populations), and that populations are isolated from each other, Thus, for example, 
we assume random interactions among the homosexual males within San Francisco but 
relatively little interaction between them and the homosexual males in Los Angeles. 
Strictly speaking, neither of these basic assumptions regarding patterns of sexual contact 
are true. Although, within reasonable limits, violation of the mixing assumptions may not 
have much effect on the model's forecasts, the issue of how robust the predictions are 
in the face of departures from homogeneous mixing and isolation of different populations 
remains to be determined. For recent considerations of non-homogeneous mixing see 
Hethcote and Yorke[35], and May and Anderson[37]. 
We consider all individuals within each population to be in one of the following ca- 
tagories: (1) susceptibles who are uninfected but who on exposure to the agent can be 
infected; (2) immunes who after infection have developed immunity and who will neither 
develop the disease nor transmit it; (3) incubators who are infected, who will eventually 
become infectious but have yet to do so, and who will eventually either develop full blown 
AIDS and be diagnosed with such or who will recover and be immune to further infection; 
(4) infectious who are capable of transmitting the agent and have yet to be diagnosed with 
the disease or recover from it; (5) post-infectio,s who are no longer capable of transmitting 
the agent and have yet to be diagnosed; and (6) diagnosed with full blown AIDS and who 
are no longer transmitting the disease. Individuals who are behaviorally immune to ex- 
posure to the agent, for reasons uch as celibacy, are not considered in this classification 
as immunes. As they are not at risk to exposure, they are not considered to be members 
of the reference populations being modeled. 
With regard to seropositivity, by this classification all individuals who are not in the 
susceptible category could have developed antibodies against he agent. Thus, finding 
antibodies against he agent, per se, only indicates that an individual has been exposed; 
it indicates little regarding the infection's past, present, or future course with respect o 
both infectivity and the development of AIDS. Seronegativity for such antibodies, on the 
other hand, is not necessarily indicative of the susceptible class. Exposed individuals who 
have yet to develop antibodies or who have lost the ability to produce them might also 
be seronegnative. Clearly, until more is understood about individual variability in immune 
response and disease susceptibility to the agent or agents that are responsible for AIDS, 
population trends in seropositivity for antibodies against such suspected causal agents, 
although useful in monitoring an agent's pread, are of little use in terms of modeling the 
disease's pread. 
There are many possible courses an infection may take with reference to when an 
individual is infectious to others and when disease symptoms, which may or may not be 
directly caused by the infectious agent, appear and are diagnosed. For AIDS, because 
we do not know the typical course or courses of events, we consider several possibilities. 
Assuming that individuals do not transmit once they are diagnosed with a disease--either 
because they cannot shed the agent or because they stop having sex--and assuming that 
an infection does not have relapses, alternating between infectious and noninfectious 
stages, Fig. 5 diagrams five courses that individuals may experience following exposure 
to an infectious, disease causing agent. Only in the one of these courses does the infection 
actually result in disease diagnosis. 
For the model, we assume that susceptible individuals after exposure to the agent either 
go on to develop AIDS (Course I) or immunity (Courses II or IIII. Although cases of 
asymptomatic gonorrhea nd chronic carriers of hepatitis B can provide sexually trans- 
mitted examples of Courses IV and V, we assume that these courses currently play rela- 
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Course  I (becomes  infect ious,  deve lops  disease):  
suscept ib le  --~ incubator  --, in fect ious  --, post - in fect ious  --, d iagnosed  
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Course  II (deve lops  immunity) :  
suscept ib le  ~ immune 
Course  III (becomes  infect ious,  recovers with immunity) :  
suscept ib le  ~ incubator  --, in fect ious  --+ immune 
Course  IV (becomes  infect ious,  recovers  w i thout  immunity) :  
suscept ib le  ---, incubator  ---, in fect ious ---, suscept ib le  
Course  V (becomes  chron ic  carr ier):  
suscept ib le  --, incubator  --* in fect ious 
Fig. 5. Five courses of events that may occur after a susceptible individual is exposed to an infectious agent. 
In Course I the susceptible becomes infectious and develops disease. In Course [I the susceptible develops 
immunity, never to be contagious nor develop the disease. In Course III the susceptible becomes infectious, 
recovers with immunity, and neither becomes infectious again nor ever develops the disease. In Course IV the 
susceptible becomes infectious and then recovers without immunity, returning to the susceptible class. And, in 
Course V the susceptible becomes a chronic arrier, continuing to be infectious but never developing the disease. 
The formulation of the AIDS model assumes that Courses I-III can be used to characterize the disease's spread, 
and, that Courses IV and V, though possible, plat,' relatively minor roles, if any, in the disease's overall population 
dynamics. 
tively minor roles in the epidemiology of AIDS and need not be considered by the model. 
Although healthy homosexual men have been reported as asymptomatic carriers of HTLV- 
III virus[ll, 13], because of the long development time of AIDS, it is not clear whether 
such individuals are actually chronic carriers (Course V) or represent the infectious tage 
in individuals that will eventually develop AIDS (Course I) or become immune (Course 
liD. Thus, for our current purposes, we assume Course I for those individuals diagnosed 
with AIDS and possibly Course II or III for other individuals. 
All incubators, whether they are eventually diagnosed with AIDS or recover, are as- 
sumed to take the same amount of time to become infectious. Similarly, regardless of an 
infection's eventual outcome, the infectious period is assumed to be the same length for 
all individuals who become infectious. We assume immunes remain as such, neither de- 
veloping nor transmitting the disease. 
Although the model permits the existence of uninfectious incubators and post-infectious 
individuals, either or both of these categories may not be part of the disease's natural 
history. These categories may be dropped from the model by setting equal to zero the 
parameters describing the length of time individuals pend in each category before entering 
the next stage of the disease. For example, if the parameter setting the length of the post- 
infectious tage equals zero, then the model describes a disease that progresses directly 
from the infectious tage to diagnosis or immunity. 
The efficiency with which infectious individuals pread disease decreases as the pro- 
portion of the population that has been exposed increases. Clearly, an infectious individual 
would not cause new infections if all other individuals already were infected or had ac- 
quired immunity. For AIDS, we assume that a constant proportion of close contacts 
between infectious and susceptible individuals results in exposure to the disease. Of ex- 
posed individuals, we assume that a constant proportion will eventually develop full blown 
AIDS, and, the remaining proportion, immunity. Given that infectious individuals have 
a fixed number of close contacts, we can assume that the number of new cases generated 
by each infectious individual will decrease as the outbreak progresses because a growing 
proportion of contacts will already have been exposed to the agent and will not result 
in new exposures. Hence, the model incorporates saturation of the population by the 
agents responsible for AIDS and decreases the efficiency of transmission accordingly. 
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Sexual contact rates among homosexual men have decreased since the AIDS outbreak 
began, presumably reducing the per capita transmission rate of AIDS. In order to account 
for this, we develop a model for gonorrhea nd solve for a behavioral contact rate as a 
function of the observed number of gonorrhea cases diagnosed at a clinic in San Francisco. 
By assuming that the behaviors responsible for the transmission of AIDS have decreased 
at the same rate as those responsible for the transmission of gonorrhea, we thus scale the 
transmission rate of AIDS with observed ecreases in gonorrhea. 
The model's structure is now presented in detail. Based on the considerations and 
assumptions discussed in this section, a discrete nonlinear function is developed to predict 
new AIDS cases from previously diagnosed cases. The parameters in this function have 
biological interpretations. After being coded for use on a microcomputer, the model takes 
the number of cases diagnosed over a specified period of time, scales this number to adjust 
for saturation, behavior changes, and transmission efficiency, and generates an expected 
number of cases diagnosed at a later specified time. 
FORMULATION OF AN EPIDEMIC MODEL OF AIDS INCIDENCE 
linking gonorrhea rates as an index of behavior change 
in populations of homosexual men 
A. A population model o f  A IDS as a sexttally transmitted isease 
Our model is framed as a difference quation in discrete time units and is iterated 
deterministically. Thus, the deviations between the number of cases generated by the 
model and actual AIDS incidence have no known probabilistic structure. 
At time t, let Nt be the number of noncelibate homosexual men in a reference population, 
It be the total number of men who are infectious and can transmit AIDS through sexual 
contact, and St be the number who are susceptible to infection. Let the number of indi- 
viduals exposed to the disease agent from time t to time t + I be Et. 
We assume that the rate at which individuals are exposed epends on Ct, a measure 
of the rate of sexual contact per individual during the tth period. By assuming that the 
population is homogeneous with respect o the number of sexual contacts and to mixing 
between infectious individuals and other members of the population, we set 
E, = 13CtIt(SJN,), (1) 
where the transmission efficiency parameter 13scales the likelihood that a sexual contact 
between an infectious individual and a susceptible individual will result in exposure, the 
product C,I, measures the sexual contact of the I, infectious individual. The proportion 
of the population that is susceptible, (St/N,), is the likelihood that an infectious individual's 
sexual contact will be with a susceptible individual rather than with an individual that has 
already been exposed to the disease. For a discussion of this characterization f the 
transmission of venereal diseases ee Getz and Pickering[38]. 
Because population size is relatively constant in comparison with other variables, we 
simplify the following analysis by setting Nt equal to the contant N. 
Furthermore, we assume that a constant proportion (v) of the susceptible individuals 
that are exposed will not develop the severest form of the disease. Instead we assume 
that this proportion of exposed susceptibles develops immunity, either with or without 
first going through an infectious tage (i.e., they follow either Courses II or III in Fig. 5). 
We assume that the remaining proportion (1 - v) of exposed susceptibles will eventually 
be infectious and be diagnosed with AIDS. Thus, v reflects the distribution in the reference 
population of individual differences in the severity of disease caused by the agent. By 
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Fig. 6. The top line diagrams the course of events modeled in the 1 - v proportion of susceptible individuals 
that after exposure go on to be diagnosed with full-blown AIDS. The remaining v proportion of exposed sus- 
ceptibles are assumed to develop immunity to the disease. The model's parameters 8. g. and cr measure the 
length of time from exposure, start of the infectious tage, and end of the infectious tage, respectively, to
diagnosis in the tth period. When 8 = ix, the model effectively drops the incubator class from consideration. 
and similarly, when c, = 0, drops the post-infectious class. 
In one derivation of the model, the v proportion of the population that develop immunity are assumed never 
to be infectious [see Eq. (5a) and Course II of Fig. 5]. In another derivation of the model, the v proportion of 
the population that develop immunity are first assumed to go through an incubation stage of length 8 - ~ and 
then an infectious tage of length ~. - ~ [see Eq, (5b) and Course III of Fig. 5]. Immune individuals are assumed 
never to develop full-blown AIDS nor to transmit its causal agents. In the special case of v = 0 the model 
considers the possibility that all exposed individuals go through an infectious tage and eventually develop frank 
AIDS. 
def in it ion,  (1 - v) E, represents  the number  of indiv iduals that are exposed  to the d isease 
from time t to t + 1 and go on to deve lop frank A IDS.  
For  the indiv iduals  who deve lop  A IDS after being exposed,  Fig. 6 shows the mode l ' s  
sequence of events  f rom initial exposure  to diagnosis ,  where diagnosis  occurs  in the tth 
per iod.  Ind iv iduals  d iagnosed with A IDS in the tth per iod are assumed to have been 
exposed  to the d isease causing agent in per iod t - 8. Thus,  8 represents  the deve lopment  
t ime of  A IDS from exposure  to diagnosis .  Diagnosed individuals are assumed to be in- 
fect ious and capable  of  infecting from per iod t - > to per iod t - c~. Hence,  relat ive to 
when they are d iagnosed,  indiv iduals  are assumed to be infect ious for p, - o~ per iod start ing 
8 - > per iods after exposure .  Thus,  8 - > measures  the length of the pre infect ious tage 
of  the incubators .  In this formulat ion,  we set 8 -> 1 and > > o~ >- 0, ef fect ively assuming 
that indiv iduals  that deve lop  A IDS are infectious for at least one per iod and do not t ransmit  
after they are d iagnosed.  Thus,  the infectious stage a lways stops before or at the t ime the 
d isease is d iagnosed.  By al lowing cr = 0 the model  cons iders  the case of  a d isease without 
a post - in fect ious stage pr ior  to d iagnosis .  S imi lar ly,  by al lowing 8 = > the model  cons iders  
the poss ib i l i ty  that indiv iduals  transmit  the d isease agent immediate ly  after they are ex- 
posed to it. 
For  those indiv iduals  that t ransmit  the agent but develop immunity  rather than A IDS,  
we assume that the lengths of the incubat ion and infectious per iods are the same as 
indiv iduals  that do deve lop  A IDS (i.e., 8 - > and ~. - cT, respect ive ly) .  
If  each A IDS case deve lops  the d isease 8 per iods after exposure ,  then D,, the number  
of  A IDS cases d iagnosed in per iod t, is s imply 
D, = (1 - v )Er -~.  (2/ 
Because D, is at present  the only var iable avai lable that rel iably documents  the out- 
b reak 's  course,  we need to der ive from Eq. (1) an equat ion that expresses  current  A IDS 
inc idence as a funct ion of  past A IDS incidence and of unknown,  yet est imable parameters  
that are l ikely to descr ibe  the d isease and its t ransmiss ion.  Using Eq. (2), we rewri te Eq. 
(1) as 
Dt = 13(1 - v )C , -~ I r -a (S , -~/N) .  (31 
674 J. PICKERING et al. 
We now derive expressions for the unknown variables Sr and I, in terms of the observable 
Dr. 
The total number of individuals exposed from the beginning of the population's infection 
(t = 0) to the period prior to the tth period is ~f2~ E,.. Hence, because xposed individuals 
are no longer susceptible to infection, the total number of susceptibles remaining in a 
population by time t is simply the population size minus those exposed, i.e., St = N - 
~f - t  Ei, which from Eq. (2) becomes 
1 , -~-  i 
S, = N ~ Di. (4) 
(1 - v) i=a 
In terms of the course of events and parameters diagramed in Fig. 6, the infectious 
individuals in period t are all the individuals that were exposed between 8 - Ix and 8 - 
or periods before period t. If we assume that all infectious individuals eventually develop 
full blown AIDS, or, in other words, that the v proportion of the population that develops 
immunity is never infectious (i.e., immunity develops by only Course II in Fig. 5), then 
the infectious individuals in period t are also all the individuals that will be diagnosed 
between e and Ix periods after t. Hence, we have 
I, = ~ Di. (5a) 
i=t - -c r  
Alternatively, if we assume that all individuals that develop immunity do so by only Course 
III and are infectious for the same period of time after exposure as are individuals that 
develop AIDS, then we have 
l t 4- ~1, 
I , -  (1 - v) ~ D~. (5b)  
i=t+~r  
Substituting into Eq. (3) Eqs. (4) and either (5a) or (5b) we get 
(6) 
where K,, = 1/(N(I - v)), and depending on whether (5a) or (5b) is used to represent the 
number of infectious individuals in period t. where Ko = (I - v) in the case of no infectious 
stage in the v proportion of exposed individuals who develop immunity, or where Ko = 
1 in the case of those who develop immunity doing so after first being infectious. 
The product of the parameter K,, and the cumulative number of AIDS cases is a measure 
of the degree to which the disease has saturated the reference population at time t. Given 
the definition of K(, above, this product can be written as 
t 
(I/N(! - v)) ~ D~, 
i=0  
that is, the cumulative number of AIDS cases at time t as a fraction of the maximum 
possible number of AIDS cases under the worst case in which all persons who can  develop 
the disease actually do. This relation justifies calling K~ a saturation constant. 
If the number of sexual contacts were constant over time, then C,-8 could be set equal 
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to a constant and Eq. (6) used as a model to which the observed incidence of AIDS could 
be fitted. However,  because of the evidence that sexual behavior has changed in a way 
that presumably decreases the rate at which infectious individuals sexually transmit 
agents, we now derive a function for Ct based on observed decreases over time in the 
number of reported gonorrhea cases. 
B. Accounting for changes in sexual behavior 
The model of AIDS incidence given in Eq. (6) provides for changes in rates of sexual 
contact during the course of the epidemic through the term Cr-~. An assumption of con- 
stant behavior is probably correct for the period which ended just before the epidemic 
was announced in the national news media. However, as we noted above, the evidence 
for change after the flood of news stories in the summer of 1981 is compelling. The problem 
addressed in this section is how to measure trends in sexual activity and incorporate them 
into forecasts of AIDS incidence. 
Accurate measurement of trends in homosexual activity may be impossible, simply 
because there is no feasible way to make direct observations and because people are 
reluctant o give truthful reports of behavior that many consider deviant. Nevertheless. 
it is useful to consider what properties a "good"  measure of sexual contact should have. 
when judged by its usefulness for predicting the course of AIDS. A reliable index trend 
must reflect changes in the potential for sexual transmission of the disease in the popu- 
lation-at-risk, in this case sexually active homosexual men living in large cities. Inves- 
tigation of transfusion-related cases indicates that current incidence originated in sexual 
contacts that occurred as long as five years ago. Hence, a second requirement is the 
existence of a time-series of index values that begins before the epidemic started. Third, 
we require an index that is not seriously compromised by reluctance to report sexual 
practices accurately. Although there are many indirect measures of homosexual contact 
(e.g. surveys that ask about sexual behavior, arrests for sex in public places, advertise- 
ments of sex for pay, etc.), only incidence figures for reportable diseases that are trans- 
mitted by sexual contact between men come close to satisfying the conditions above. 
Anal/rectal gonorrhea is primarily a disease of homosexual men acquired by having 
anal intercourse with a partner infected with urethral gonorrhea. Presumably, gonorrhea 
is passed back and forth between anal/rectal and urethral sites, so that the frequency of 
anal intercourse is reflected, albeit, imperfectly, in both sets of incidence figures. Though 
reporting of gonorrhea cases is legally required in all states, not all states or localities 
make separate tabulations of incidence for the anal/rectal site. Fortunately. a series of 
monthly counts going back to 1970 is available in San Francisco. where the City Clinic 
does routine screening for the sometimes asymptomatic anal/rectal cases. The San Fran- 
cisco City Clinic staff diagnose approximately 75% of San Francisco's officially reported 
cases of anal/rectal gonorrhea nd about 50% of the estimated total cases. Although similar 
series could be constructed for several localities where AIDS is prevalent, the data are 
currently available only in San Francisco. 
In a stable population characterized by homogeneous mixing, the incidence of gon- 
orrhea at various sites has a relatively direct relationship to the rate of sexual contact. 
To examine that relationship, we need to formulate a plausible model of gonorrhea trans- 
mission in homosexual populations. As before, we shall use somewhat crude, but mathe- 
matically convenient, nonstochastic difference equations to express the connection be- 
tween sexual activity and contagion. 
We shall assume that a new case of anal/rectal gonorrhea rises out of an episode of 
anal intercourse between a man infected with urethral gonorrhea (the active partner or 
"'top") and a man susceptible to infection at the anal/rectal site (the passive partner or 
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"bot tom") .  The total number of new anal/rectal cases generated in the tth period is 
~,C,UdN - R,)/N. 
where 13r is a parameter that scales the transmission efficiency of gonorrhea through anal 
intercourse from urethral to anal/rectal site. C, measures the rate of sexual contact per 
individual at time t, U, is the number of urethral infectives at time t, R~ is the number of 
anal/rectal infectives at time t, N is the overall population size which is assumed to be 
constant and the same as the one at risk for AIDS, and (N - R,)/N is the proportion of 
the population that is susceptible to anal/rectal gonorrhea. See Hethcote and Yorke[35] 
for extensive modeling of heterosexually transmitted gonorrhea. 
The total number of anal/rectal cases is the sum of the new cases plus the old cases 
that remain undiagnosed and untreated. If a constant proportion Vr of the existing cases 
is treated and cured each period, then the total number of infectives at t + 1 can be 
written as 
R, - i  = R, - v .R ,  + ~,C,U~(N - R,)/N. (7) 
Similarly, for the number of urethral cases at t + 1 we write 
Ut-t = U~ - v,,U, + I3,,C,R,(N - U,)/N, (8) 
where v, is the proportion of urethral cases cured in the tth period. [3, scales the trans- 
mission efficiency from anal/rectal to urethral sites, and (N - U,)/N is the proportion of 
the population that is susceptible to urethral gonorrhea. 
Solving Eqs. (7) and (8) for C,, we get 
R, . s  - R, + vrR, U,+~ - U, + v ,U ,  
C, = = (9) 
[3,U,(N - R,)/N [3,,R,(N - U,)/N 
There are two difficulties which prevent us from making use of Eq. (9) to estimate the 
rate of sexual contact. First, the parameters 13,, [3,,, v,, and v ,  are unknown, although 
values for these could probably be derived from epidemic studies. Furthermore, neither 
R nor U is observed directly; they must be inferred from the reported number of newly 
diagnosed cases in each period. The situation is even more problematic for U, because 
the monthly reports from San Francisco combine homosexual and heterosexual cases. 
Fortunately. Eq. (9) can be approximated by a simpler expression. Assuming that the 
average monthly decline in prevalence is small relative to the total number of cases as 
indicated in Fig. 4 (i.e., that R,_ ~ - R~ is small relative to v,R,, or that Ut+ t - U, is small 
relative to v,U,), and assuming that the ratio of urethral to anal/rectal cases in homosexua l  
men remains constant (i.e., that R~/U, can be approximated by a constant), then Eq. (9) 
becomes 
C,  = Kt / ( l  - K~R, ) ,  (10) 
where K~ and K,_ are functions of the parameters describing transmission efficiency and 
recovery rates, population size. and R,/U,. We thus have an expression of how the number 
of sexual contacts per individual per unit time is reflected by the prevalence of anal/rectal 
gonorrhea. Eq. (10) can also be derived by replacing U with R in Eq. (7) and assuming 
that R approaches an equilibrium value rapidly with each change in C, or, in words, by 
assuming that gonorrhea rapidly reaches equilibrium following behavior changes and that 
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anal/rectal gonorrhea can in effect be modeled independently from urethral gonorrhea, 
Although not necessarily the case in homosexual men, gonorrhea incidence in hetero- 
sexuals is known to respond rapidly, within a few months, to changes in certain epidemic 
parameters[351. 
Because R, is not observed irectly', we shall estimate it as 
R, = R; / (Vr~r ) ,  (11) 
where R; is the number of anal/rectal cases diagnosed by the city clinic in period t. and 
6, is the proportion of all anal/rectal cases diagnosed in the San Francisco reference 
population that are seen at the city clinic. Substituting for R, in Eq. (10) using Eq. (11). 
the number of sexual contact per individual in period t can then be written as 
C,  ~ K I / ( I  - K~,R;) ,  (12) 
where K~, = K:/(vrd),). 
Substituting Eq. (12) into the model of AIDS [Eq. (6)] we obtain 
D,~-(1 - Q,R;_~,) i=, -,~D' 1 - g,,i=o ~ D, , (13) 
where K = [3K~(1 - v) if immunity develops by Course II without an infectious stage, 
and, where K = 13K~ if immunity develops by Course III after an infectious tage. Hence. 
we have a model for AIDS in terms of two observable variables, D and R'. and six 
parameters, 8, ~. or, K, K,,, and K~,. We now estimate the values of these parameters by 
fitting this model to observed AIDS incidence data from three populations. 
C. Parameter estimation 
Because the data for AIDS in Los Angeles, New York, and San Francisco (Figs. I -  
3, respectively) and for gonorrhea in San Francisco (Fig. 4) are available by month of 
diagnosis, we consider each time period to be one month in length and use Eq. (13) to 
specify D,, the expected number of AIDS cases diagnosed in month t. Each expected 
value of D, generated by this model thus depends on the values of the parameters K. K,,. 
and K~, and, on the numbers of AIDS and anal/rectal gonorrhea cases diagnosed in the 
periods specified by the parameters 6, Ix, and ~. Hence. we now need sets of parameter 
values for each population being considered, in choosing these values, it should be kept 
in mind that our modeling goals are not to simulate the existing incidence data but to 
forecast future incidence and to understand the underlying dynamics of sexually trans- 
mitted diseases uch as AIDS. Thus, we resist the temptation to assume that the parameter 
values best fitting the model to current observations are necessarily more likely to predict 
future events than other sets of values. Unless the model and parameter values charac- 
terize the underlying biological and sociological forces driving the disease's pread, we 
are likely to fail in our goals and succeed simply in connecting observed ots with lines. 
Ideally, we would estimate values for each of the six parameters from information that 
is independent of the course of events being modeled and then examine the model's validity' 
by comparing its output with observations. Within the next several years, it is likely that 
the long-term AIDS studies that are monitoring the health and behavior of large numbers 
of individuals will provide sufficient data that we can derive independent estimates of at 
least some of these values. In particular, these studies are likely to yield estimates for 
the values of 8, Ix, and cr by determining, relative to such events as blood transfusions. 
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needle use, serologic changes, and sexual contact with persons with AIDS, when indi- 
viduals develop symptoms, and similarly, when they are most infectious. Currently, how- 
ever, we cannot independently estimate any of the parameters with sufficient confidence 
to forecast disease incidence. Thus, while the evidence from transfusion cases indicates 
that the development time of AIDS from exposure to diagnosis is on the order of years 
rather than months[18], we are unable to fix the parameter 8. The model can forecast 
considerable differences in incidence with ~ set at 36 versus 48 months, for example, 
depending on the other parameters' values. Hence, we must use incidence data both to 
build and validate the model. 
In estimating parameter values for each of the three cities, we choose to fit the model 
to only part of each time-series of monthly incidence. Thus, we can examine the moders 
sensitivity and validity in the following three ways: (1) by comparing the model's pre- 
dictions with the remaining data that are not used in parameter estimation. (2) by com- 
paring the parameter values across cities, and (3) by the plausibility of the estimated values 
judged against independent information. Based on the independent estimates of devel- 
opment time, for example, it is doubtful that we would accept parameter sets with esti- 
mates of ~ under 12 months, regardless of how well they fit the model to observations. 
For each city separately, we evaluate how well sets of parameter values fit the model 
over an interval starting with month t~ and ending with month t2. Using the least squares 
criterion of fit, we thus favor sets of values that minimize J, where 
g2 
J ~ ( D , -  o ,  = D, )', (14) 
t=t l  
D, and D ° being the corresponding predicted and observed values for month t. Because 
we wish to avoid biasing the parameter estimates by fitting data that do not reflect true 
trends in incidence but instead reflect he lag between diagnosis and reporting, as discussed 
earlier and evident by the sharp drops in the most recent incidence data. and because we 
wish to exclude some data from parameter estimation so that we can judge the model 
against data that have not been fit, in this analysis we let t~ be January, 1982. for all cities 
and t2 be October, 1984, for San Francisco and March, 1985, for Los Angeles and New 
York. 
Because K is probably the most difficult of the three continuous parameters to estimate 
from independent data, we now minimize J with respect o K. We do this by substituting 
D, from Eq. (13) into Eq. (14). taking the partial of J with respect o K, setting 0J/0K = 
0, and solving for K. We get 
[( )( )] ~: Do I - -  Ka D i  D i  
1 - K~R; -a  i=o  \ i : , -~-~ t=t l  
(15)  I( ' ):( )2] - , 1 - K~, Ds D i  
t - K~,R , -a  i=o  . i= , -a - , ,  t=t l  
Thus, for any set of 5, px, ~, K,, and K~ values, Eq. (15) gives the value of K that best fits 
the model by least squares criterion to the observed AIDS incidence for the months t~ 
through t2. 
We use a microcomputer to iterate through numerous ets of 5, g., ~, K,,, and K e values 
and choose sets with low sums of squares. For each set considered, a fitting program 
named "AF IT"  solves for the K value that minimizes J using Eq. (15), calculates J by 
substitution of this value of K and Eq. (13) into Eq. (14), and, if this resulting sum of 
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squares  va lue  is lower  that  of  one  prev ious ly  s tored ,  rep laces  the prev ious  fit and  its 
accompany ing  parameter  va lues  w i th  the cur rent  va lues .  
In a random access  fi le for  each  c i ty .  the  f i t t ing program s tores  the set of  or, K, K.. and  
K~. va lues  w i th  the lowest  J va lue  for  each  pa i r  o f  poss ib le  ~ and  p. va lues .  For  each  c i ty ,  
coarse  gra in  searches  were  per fo rmed by  i te ra t ing  through the range  of  poss ib le  parameter  
va lues  to f ind low va lues  of  J for  each  pa i r  o f  5 and  ~t va lues .  Based  on  these  resu l t s .  
loca l  min ima of  J were  then  found w i th  f iner  g ra in  searches  of  the  parameter  va lues .  
The  ranges  o f  va lues  used  in the coarse  gra in  searches  are g iven  at the  top  o f  Tab le  2. 
Wi th in  the ranges  for  8. ~.  and  cr. all in teger  va lues  were  searched sub jec t  to the const ra in ts  
that  8 >- ~x and  tx > o-. So as not  to get negat ive  t ransmiss ion ,  K,, must  be less than  the 
rec iproca l  o f  the tota l  accumulat ive  number  o f  cases  repor ted  f rom a popu la t ion ,  and ,  K~, 
must  be  less than  the rec iproca l  o f  the  max imum number  o f  month ly  gonor rhea  cases  in 
Table 2. Model's parameter values. Range considered gives the ranges of parameter values used in the coarse 
grained searches to fit the model's output o the observed monthly incidence data for San Francisco, New York. 
and Los Angeles that are presented as closed squares in Figs. 7-10. 
Parameter values were estimated by linking, as indices of sexual activity, either the monthly anal/rectal (aJ 
r) or urethral (ure) gonorrhea cases diagnosed at a sexually transmitted disease clinic in San Francisco that are 
presented in Fig. 4. The model used to link anal/rectal gonorrhea is described by Eq. (13). The model used to 
link urethral gonorrhea is the same, except that the number of anab'rectal cases diagnosed at the city clinic in 
month t - 8 is substituted for the term R;-s in Eq. (13). Because the model's fit to the San Francisco data are 
better using anal/rectal rather than urethral gonorrhea, only anal/rectal rates are used in fitting the AIDS incidence 
for the other cities. 
The sets of 8, ix, ~, ~<, ~,  and K~ values that have the lowest residual sum of squares--defined by J in Eq. 
(14)--are described. Sets of values were chosen from the 1176 possible combinations of 5 and ix values for which 
J was minimized with respect o ~. K, ~., and ~¢. From the 20 of these sets with the lowest values of .I, Best 
set of values gives the set of parameter values with the lowest J, Mean value gives the mean of the estimates 
from the 20 sets. Minimum value gives the lowest estimate in any of the 20 sets, and Maximum value gives the 
highest estimate in any of the 20 sets. See "Parameter estimation" and "'Results" sections of text. 
Range considered 
Los Angeles a/r 1-48 
New York &,'r 1-48 
San Francisco a Jr 1-48 
San Francisco ure 1-48 
Best set of values 
Los Angeles air 40 
New York a/r 47 
San Francisco ~'r 35 
San Francisco ure 47 
Mean value 
Los Angeles air 26 
New York &/r 33 
San Francisco a./r 34 
San Francisco ure 26 
Minimum value 
Los Angeles a/r 3 
New York w'r 12 
San Francisco air 7 
San Francisco ure 5 
Maximum value 
Los Angeles air 48 
New York a,,'r 47 
San Francisco air 47 
San Francisco ure 47 
1-48 0-47 0-47 1-48 all 0-.00060 0-.00182 
1-48 0-47 0-47 1-48 all 0-.00016 0-.00182 
1-48 0-47 0-47 1-48 all 0-.00055 0-.00182 
1-48 0-47 0-47 1-48 all 0-.00055 0-.00083 
40 37 0 3 0.28 0.00000 0.00060 751 
47 31 1 16 0.09 0.00008 0.00052 5559 
35 30 0 5 0.16 0.00000 0.00086 744 
47 39 0 8 0.12 0.00020 0.00041 862 
25 21 1 4 0.33 0.00000 0.00061 793 
32 20 1 12 0.14 0.00006 0.00040 6__9 
33 26 1 7 0.15 0.00003 0.00054 905 
26 15 0 11 0.12 0.00010 0.00034 919 
2 0 0 2 0.10 0.00000 0.00036 751 
11 4 0 4 0.08 0.00000 0.00018 5559 
7 0 0 4 0.12 0.00000 0.00018 744 
5 0 0 7 0.07 0.00000 0.00008 862 
48 45 2 12 0.52 0.00000 0.00104 809 
47 33 4 16 0.35 0.00010 0.00054 6619 
47 39 3 9 0.21 0.00009 0.00086 949 
47 39 3 20 0.21 0.00027 0.00050 941 
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the series used as an index of behavioral change. The upper values in the K, ranges in 
Table 2 are approximately 80% of their theoretical maxima based on the accumulative 
number of cases diagnosed to date in each city. The upper value of K~ used for anal/rectal 
gonorrhea is the reciprocal of 550, the maximum number of monthly cases, which is the 
January, 1980, datum shown in Fig. 4. Similarly, the maximum K~ value considered for 
urethal gonorrhea is the reciprocal of 1199, the datum for April, 1981. Within the K,, and 
Kx, ranges specified in Table 2, 9-12 equally spaced values were iteratively used by the 
fitting program, (i.e. AFIT used a step size of approximately 1/10th of each K, and K~, 
range). 
Once sets of parameter values were chosen, additional computer programs were used 
to forecast AIDS incidence in each city through 1986 and to plot the model's output against 
observed incidence data. 
RESULTS 
We now present results that address the parameter estimates, the forecasts of future 
AIDS incidence, and the modeling technique of choosing parameters based on a statistical 
criterion of fit. 
Parameter estimates 
For each location, Table 2 presents the information on the values of 8, IX, ~. •, K,, and 
K~ in the 20 sets of these parameters that were found to best fit the model's expected 
values and the observed incidence presented as closed squares in Figs. 7-10. This table 
also presents the corresponding residual sums of squares (J) of the model's fit to these 
observations. 
The San Francisco AIDS data were fitted in two ways, by linking either anal/rectal or 
urethral gonorrhea. A comparison of the residual sums of squares for these two cases 
shows that by linking anal/rectal gonorrhea the model fits the observed AIDS incidence 
better than by linking urethral gonorrhea. The best parameter set using anal/rectal gon- 
orrhea yields a residual sum of squares (J) of 744, which is 14% lower than the similar 
value of 862 for urethral gonorrhea (see Table 2 and solid squares in Figs. 7 and 8). 
Similarly, the mean residual sum of squares of the best 20 parameter sets is lower (905 
vs. 919), though admittedly only by 2%, using anal/rectal gonorrhea than using urethral 
gonorrhea. 
Because these results favor the use of anal/rectal gonorrhea s an index of sexual 
behavior, we consider only this index in comparing and contrasting the results of the 
parameter stimation for the three locations. Furthermore, we have used San Francisco's 
series of anal/rectal gonorrhea cases as a proxy measure of changes in sexual activity in 
the other two locations. Because the San Francisco data parallel declines in anal/rectal 
gonorrhea observed in New York's Manhattan borough[27], substituting the complete 
series of San Francisco figures for the small number of data points currently available for 
New York seems reasonable. Similarly, unpublished ata and anecdotal accounts about 
Los Angeles suggest a major shift in sexual behavior like that which has occurred in San 
Francisco. Nevertheless, we plan to use local gonorrhea data whenever it becomes avail- 
able in Los Angeles and New York. 
We now consider the estimates of 8, a - Ix, Ix - or, and or, which can be interpreted 
biologically as the development time from exposure to diagnosis with AIDS. the length 
of the incubation period from exposure to becoming infectious, the length of the infectious 
stage, and the length of the post-infectious stage, respectively (see Fig. 6). The top of 
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Fig. 7. Moders fit and forecast for San Francisco's AIDS incidence using anal/rectal gonorrhea s an index of 
changing sexual behavior. Squares represent observed monthly AIDS incidence as reported by 23 October, 1985. 
and may considerably under-estimate rue values, particularly for the most recent months (see "'Incidence of 
AIDS" in text). Closed squares represent observed ata to which the model was fit to estimate its parameter 
values. On the other hand, open squares were not used in parameter estimation and. therefore, can be used to 
validate the model's forecasts. The residual sums of squares (SS or J in text) compare ach line's fit to the solid 
squares and not the open ones. 
Each line shows the model's output for a set of parameters. The two sets were chosen from among the 20 
sets of parameter values that best fit the model to the solid squares by the procedure described in "'Parameter 
estimation." Of the 20 sets. the top line gives the output of the set (6 = 47; ~ = 44; cr = 39; K = 0.21; K, = 
0.00000; K~ = 0,00063) that has the highest forecast of incidence, and the bottom line, the set (5 = 35, ~ = 35: 
~r = 30: K = 0.16: K,, = 0.00000; K~ = 0.00086) that has both the best fit and the lowest forecast of incidence. 
Table 2, "Range considered," gives the ranges of these values that were searched in 
integer steps. 
Consistently, for each location, the parameter sets that best fit the model to obser- 
vations have low values of g - Ix, values ranging from 0 to 4 months, with the best and 
mean estimates ranging from 0 to 1 months. Given that the model is a fair characterization 
of reality, these results strongly suggest hat the incubation period is short and that in- 
dividuals who transmit he agent start doing so almost immediately after being exposed 
to it. 
Similarly, the parameter sets that best fit the model to the observations from each 
location consistently have values of Ix - ~ ranging fron 2 to 20 months, with the best and 
mean estimates ranging from 3 to 16 months. If the assumptions of the model are met. 
then these results strongly suggest hat individuals who transmit the disease are most 
infectious for a period of less than two years. We note, however, that this result depends 
on the periodicity of the spikes appearing in the overall trends in AIDS incidence. If these 
spikes are generally not a result of the disease's natural history, but are generally the 
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Fig. 8. Model's fit and forecast for San Francisco's AIDS incidence using urethral gonorrhea s an index of 
changing sexual behavior. This figure uses the same representation as Fig. 7, with squares presenting the observed 
monthly AIDS incidence as reported by 23 October, 1985. 
Each of the two lines shows the model's output for a set of parameters. The two sets were chosen from 
among the 20 sets of parameter values that best fit the model to the solid squares. Of the 20 sets, the top line 
gives the output of the set (8 = 15; ~ = 15; tr = 7; K = 0.15; K,, = 0.00000; K~ = 0.00020) that has the highest 
forecast of incidence, and the bottom line, the set (8 = 47; 13. = 47: o" = 39; K = 0.12; K,~ = 0.00020; ~e = 
0.00041) that has both the best fit and the lowest forecast of incidence. 
effect of  seasonal  and psycho log ica l  factors  inf luencing when pat ients are d iagnosed,  then 
- o- may ref lect such factors  over  and above ref lect ing the d i sease 's  infect ious stage. 
A l though some of  the best  20 parameter  sets for the three locat ions have va lues of  5 
and o- that are under  24 months ,  the major i ty  of  the est imates  of these parameters  are 
high for each locat ion.  For  5, the best  est imate is 40 months for Los  Angeles ,  47 months  
for New York ,  and 35 months  for San F ranc isco ,  with the cor respond ing  mean value from 
the 20 best  parameter  sets being 26, 33, and 34 months ,  respect ive ly .  S imi lar ly ,  for cr, the 
best  es t imates  are 40, 47, and 35 months ,  with the means being 25, 32, and 33 months .  
These  results  st rongly  suggest that in general  A IDS  has been d iagnosed after a post-  
infect ious stage of  two to three years,  and,  that the overal l  deve lopment  ime of  A IDS 
from exposure  to d iagnos is  has been three to four years.  
Thus,  given that the mode l ' s  assumpt ions  and character i zat ions  are just i f ied,  the overal l  
p icture that emerges  from the parameter  values that best fit the model  to the observed  
A IDS inc idence for the three locat ions is of  an agent that,  in terms of  its popu lat ion  
dynamics ,  is typ ica l ly  t ransmit ted  by indiv iduals  who are infect ious for 3 -20  months  and 
who become infect ious after  a short  incubat ion per iod of  0 -4  months.  Fur thermore ,  for 
those who go on to deve lop  ful l -b lown A IDS,  the picture suggests that the d isease  takes 
three or  more  years  fo l lowing exposure  to be d iagnosed,  and.  that d iagnosis  fo l lows a 
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Fig. 9. Moders  fit and forecast for New York's  AIDS incidence using the number of reported anal/rectal gon- 
orrhea cases in San Francisco tsee Fig. 4) as an index of changing sexual behavior. This figure uses the same 
representation as Fig. 7, with squares presenting the observed monthly AIDS incidence as reported by 19 
November, 1985. 
Each of the three lines shows the model's output for a set of parameters. The three sets were chosen from 
among the 20 sets of parameter values that best fit the model to the solid squares. Of the 20 sets. the top line 
gives the output of the set (~ = 15: ~. = 15" ¢ = 7: K = 0.13: K,, = 0.00000; K~ = 0.00052) that has the highest 
forecast of incidence: the middle line, the set (5 = 47: ~. = 47: ~ = 31: K = 0.09; K, = 0.00008: K~ = 0.00052~ 
that has the best fit. and the bottom line. the set (6 = 33: I~ = 29; o- = 25; K = 0.32: ~,, = 0.00007: K~ = 
0.00045) that has the lowest forecast of incidence. 
relatively long post-infectious stage of two years or more during which time the disease 
develops but during which time there is little transmission. 
It is difficult to interpret the absolute value of K because this parameter is a function 
of the parameter [3, which scales the proportion of contacts between infectious and sus- 
ceptible individuals that result in exposure, and, depending on whether the model is de- 
rived from Eq. (5a) or (5b), may also be a function of the parameter v, which describes 
the proportion of exposed individuals who recover. Because of a lack of knowledge about 
these aspects of the disease's natural history, it is currently almost impossible to estimate 
independently the values of either [3 or v. Nevertheless, the relative values of K suggest 
that [3 and v are relatively similar for the three locations. Given that in theory K is only 
constrained to being greater than zero, the best values of 0.28, 0.09. and 0.16, and the 
mean values of 0.33, 0.14, and 0.15, for Los Angeles, New York, and San Francisco. 
respectively, are similar. They indicate less than a fourfold difference, if any, in the 
underlying transmission efficiency and disease susceptibity in the three populations. 
The best and mean values estimated for K,, the parameter which scales the potential 
saturation of each population with diagnosed cases of AIDS, range from 0 to 0.00008. By 
multiplying each estimate of K,, by the cummulative number of cases diagnosed in each 
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Fig. 10. Model's fit and forecast for Los Angeles's AIDS incidence using anal/rectal gonorrhea s an index of 
changing sexual behavior. This fgure uses the same representation as Fig. 7. with squares presenting the observed 
monthly AIDS incidence as reported by 30 November, 1985. 
Each of the three lines shows the model's output for a set of parameters. The three sets were chosen from 
among the 20 sets of parameter values that best fit the model to the solid squares. Of the 20 sets. the top line 
gives the output of the set (~ = 48; i.t = 46: ~ = 42" K = 0.27; K,, = 0.00000: K~ = 0.00036) that has the highest 
forecast of incidence- the middle line, the set (8 = 40; #, = 40: ~ - 37: K = 0.28; K,, = 0.00000: ~ = 0.00060) 
that has the best fit, and the bottom line. the set (5 = 30: I-t = 29" ~ = 27; K = 0.46:. K,, = 0.00000; Ke = 
0.00054) that has the lowest forecast of incidence. 
location, it becomes possible to est imate the number  of A IDS cases to date as a proport ion 
of the potential  number  of cases that could occur under  the worst possible scenario [see 
discussion fol lowing Eq. (6)]. Thus,  based on the fits using anal/rectal gonorrhea,  the 
max imum est imates of K,, presented in Table 2 suggest hat the number  of cases diagnosed 
to date, as a percentage of the total number  of cases that could occur in each location, 
is under  4% for Los Angeles,  54% for New York, and 16% for San Francisco.  
The best and mean est imates of the parameter  K~, which scales the l inkage of A IDS 
incidence with the observed decl ines in gonorrhea [see Eq. (12)], are relatively similar 
for the three cities with respect o the fits using anal/rectal gonorrhea. Although parameter  
values for anal/rectal  gonorrhea were searched between 0 and 0.00182, there is less than 
a twofold dif ference between cities, with ranges of 0.00052-0.00086 for the best parameter  
sets, and, 0.00040-0.00061 for the means of the best 20 sets (see Table 2). 
Forecasts  o f  A IDS  inc idence  
For  any given set of parameter  values, the model can be used to project A IDS incidence. 
For  specific sets of parameter  values, Figs. 7 -10 show how the model fits observed in- 
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cidence and forecasts the outbreak's course through 1986. Each line in these figures 
presents the model's output for a different set of parameters, the values of which are given 
in the figure captions. 
In these figures the solid squares represent the observed incidence data to which the 
model was fit by a sums of squares criterion, as described earlier in "Parameter esti- 
mation." The open squares represent observed ata to which the model has not been fit. 
The residual sums of squares presented in the figures are based only on the models fit to 
the solid squares and not the open ones. Because of lags between diagnosis and reporting. 
all squares, particularly the open squares representing the most recent months, should 
be viewed as minimum estimates of actual values. For a discussion of the likely magnitude 
of this bias in these data see "Incidence of AIDS."  
The model's output is compared with observed incidence data for San Francisco in 
Figs. 7 and 8, for New York in Fig. 9, and, for Los Angeles in Fig. I0. In all but Fig. 8, 
the model's output is generated by linking anal/rectal gonorrhea data from San Francisco 
as an index of contact rates between individuals. In Fig. 8, it is generated using urethral 
gonorrhea data. These gonorrhea data are presented in Fig. 4, 
Figure 7 presents the incidence of AIDS in San Francisco and the model's expected 
output for two parameter sets. These sets are chosen from the 20 sets that were found to 
best fit the incidence data represented by the solid squares. The bottom line gives the 
model's output for the parameter set with the very best fit. Of the 20 sets, this line is also 
the one that forecasts the fewest new cases of AIDS in San Francisco. The top line gives 
the output for the parameter set that forecasts the most number of new cases. Because 
the two lines each exceed the most recent data that were not fit (open squares), their sets 
of parameter values cannot at this point be invalidated. While these lines give maximum 
and minimum forecast for the model, the bottom line gives the most likely forecast based 
on the residual sums of squares of the fits to the data for San Francisco alone. 
Figure 8 gives similar information for San Francisco, except that urethral rather than 
anal/rectal gonorrhea rates have been used to reflect contact rates. As previously noted. 
the residual sums of squares of the best fitting parameter sets are generally higher using 
urethral gonorrhea than anal/rectal gonorrhea (see J values in Table 2). Nevertheless, the 
range of incidence forecast using urethral gonorrhea that is illustrated by the lines of Fig. 
8 has a similar spread, though slightly lower absolute values, to the range forecast using 
anal/rectal gonorrhea. 
Figure 9 gives the model's output for three parameter sets chosen from the 20 best sets 
for New York. The top and bottom line give the highest and lowest forecasts of the 20 
best sets. The middle line is generated by the parameter set that best fits the model to 
the solid squares and, hence, presents the most likely forecast of incidence based on the 
fitting of the New York data. 
Finally, Fig. I0 gives the model's output for three parameter sets chosen from the best 
20 sets from Los Angeles. The middle line has the lowest residual sums of squares in 
fitting the closed squares and, hence, based on this criterion, yields the most likely fore- 
cast. The top and bottom lines give the highest and lowest forecasts of the best 20 sets. 
Note that the top and its bottom line have virtually the same residual sums of squares in 
fitting the January, 1982, through October, 1984, incidence data (J = 806 and 808, re- 
spectively), their forecasts differ remarkably. Thus, although it may be possible to choose 
ranges of parameter values and of forecasts by the standard fitting methods employed in 
this analysis, these results illustrate how individual sets of parameters and forecasts cannot 
necessarily be chosen solely on the basis of the residual sums of squares between expected 
and observed values. They serve as a warning that this paper's conclusions need to be 
substantiated, either by further incidence data and analysis or, preferably, by independent 
measurement of the model's parameters. 
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CONCLUSIONS 
Based on the parameter values that best fit the model to the observed incidence of 
AIDS in New York and San Francisco, we conclude that AIDS is currently best char- 
acterized, in terms of its epidemiology, as a disease that is diagnosed three or more years 
after exposure to an infectious agent. Moreover, we conclude that individuals who transmit 
this agent, which is presumably the suspected retrovirus, start to transmit it within a few 
months after they are exposed to it and continue to transmit it for less than two years. 
Hence, we conclude that those individuals who develop AIDS have a post-infectious 
period of over two years prior to their diagnosis, during which time they are relatively 
noninfectious to others. 
There are certain critical assumptions underlying the model and, hence, these conclu- 
sions. First, and foremost, we assume that AIDS is a complex of diseases for which the 
ultimate cause is in fact an infectious agent. Furthermore, we assume that this agent is 
spread during contact between infectious and susceptible individuals, that the model's 
linkage of declining gonorrhea rates successfully characterizes changes over time in con- 
tact that can transmit he agent, and, that the spikes in the observed incidence by month 
of diagnosis generally reflect he underlying biology of AIDS. We do not assume, however, 
that individuals who are exposed to the agent will necessarily transmit it or develop full- 
blown AIDS. These and other assumptions are discussed more fully in the text. 
The model fits the observed incidence of AIDS in San Francisco better by using anal/ 
rectal rather than urethral gonorrhea s an index of changing contact rates. While this 
result lends support o the model's characterization f contact rates, we cannot conclude 
that AIDS is necessarily, or even primarily, transmitted through anal intercourse. Pre- 
sumably because of proportionately fewer heterosexual cases, anal/rectal gonorrhea rates 
reflect overall sexual behavior ates in the population of homosexual men at risk to AIDS 
better than do urethral gonorrhea rates. 
While the model suggests that the incidence of AIDS might continue to increase at its 
current rate of increase through 1986, we conclude that this is unlikely. Based on the 
parameter sets that best fit the New York and San Francisco incidence data, we conclude 
that the disease's rate of increase will decline significantly before 1987. Nevertheless, 
even if this decline materializes, the incidence of AIDS itself appears unlikely to decline 
any more rapidly than it has increased. Thus, without an effective cure or vaccine, the 
disease will remain a major public health problem for at least five years, if not longer. In 
New York, for example, even with a decline, the model forecasts at least 95 cases in 
December, 1986. 
The conclusions that we have just drawn are based on the results for the two locations 
from which the highest number of cases have been reported: New York and San Francisco. 
Some of the results for Los Angeles, the location which has reported the third most number 
of AIDS cases, however, do not support hese conclusions. In particular, over half of the 
best parameter sets estimated from the Los Angeles data do not indicate that there is a 
post-infectious stage before the disease is diagnosed. 
In terms of understanding the epidemiology of AIDS and of forecasting future incidence, 
clearly, many questions remain unanswered and much work remains to be done, both in 
data collection and in modeling. Given the degrees of freedom that are exhibited by this 
model, our immediate plans are to refine the estimates of parameter values and to test 
the model as it is now formulated, rather than to make the model more sophisticated, 
such as by adding stochastic functions. To do this we need additional data, particularly 
time series data from additional ocations on the incidence of disease, immunological 
changes, and behavioral modifications. Towards these ends, we would be happy to col- 
laborate with others. 
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